I n an effort to determine to what extent cerebral blood flow (CBF) varies i n different parts of the brain during prolonged fetal hypoxia. we measured flow to 34 regions i n 12 chronically catheterized fetal lambs 130 to 140 days gestation. Control values of Po,, Pro, pH, heart rate, and blood pressure were obtained, and CBF was measured by use of radioactive labeled microspheres during a control period. during (15, 30-. and 90-min) reduction of maternal inspired Oz concentration (fetal arterial Po, was maintained at 12 to 15 torr), and 60 min after returning the ewe to room air. Control blood flow to cortical, subcortical, and brainstem structures equaled 134, 186, and 254 mlomin-'-100 g-I, respectively. During hypoxia, CBF increased 92%, and 60 min after fetal oxygenation was restored, i t remained 50% above control values.
Summary
I n an effort to determine to what extent cerebral blood flow (CBF) varies i n different parts of the brain during prolonged fetal hypoxia. we measured flow to 34 regions i n 12 chronically catheterized fetal lambs 130 to 140 days gestation. Control values of Po,, Pro, pH, heart rate, and blood pressure were obtained, and CBF was measured by use of radioactive labeled microspheres during a control period. during (15, 30-. and 90-min) reduction of maternal inspired Oz concentration (fetal arterial Po, was maintained at 12 to 15 torr), and 60 min after returning the ewe to room air. Control blood flow to cortical, subcortical, and brainstem structures equaled 134, 186, and 254 mlomin-'-100 g-I, respectively. During hypoxia, CBF increased 92%, and 60 min after fetal oxygenation was restored, i t remained 50% above control values.
We noted a similar response i n regional CBF to the cortex, subcortex, and brainstem during and after hypoxia. Blood flow to smaller areas within the three major regions were quite homogenous and had a similar pattern of response to hypoxia. We conclude that: (1) significant fetal regional CBF differences occurred in utero with brainstem and subcortical flows being substantially greater than flows to other regions of the brain; (2) during prolonged intrauterine hypoxiu, total rcgionnl CBF iocreased 92%; (3) 1 hr after fetal oxygenation was restored, CBF still remained 50% above control values; and finally, (4) there was no significant preferential shunting of regional CBF during prolonged hypoxia in utero.
Speculation
In the fetal lamb during prolonged intrauterine hypoxia, total and regional cerebral blood flows increase to the same extent without evidence of preferential shunting to critical brainstem or subcortical areas. However, neuropathologic studies have indicated relative sparing of these areas during similar animal experimental or human neonatal conditions. This suggests that the pattern of hypoxic ischemic insult to the neonatal central nervous system associated with asphyxia may be due to regional metabolic derangements in cerebral tissue rather than to changes i n local cerebral blood flow. Alternatively, during fetal hypotension associated with hypoxia. preferential shunting of regional blood flow might occur which could result i n sparing of critical brain regions. I n addition, during asphyxia, these pathologic changes may result primarily from hypotension and decreased regional cerebral blood flow.
Prolonged intrauterine hypoxia associated with fetal distress ccnstitutes one of the most common causes of neurologic insult occurring in the neonatal period. Perinatal asphyxia causes a variety of neuropathologic changes. including severe neuronal necrosis. status marmaratus of the basal ganglia and thalamus, parasagittal cerebral neuronal necrosis. periventricular leukomalacia, and periventricular-intraventricular hemorrhage (26) . Not only is the pathogenesis of such lesions poorly understood. but the underlying control mechanisms and distributions of regional cerebral blood flow during both normal conditions and perinatal asphyxia are unknown. In previous experiments in newborn monkeys, Windle (28) demonstrated that total asphyxia resulted primarily in subcortical and brainstem lesions. In contrast. Brann and Myers (3) showed in newborn monkeys that "prolonged partial asphyxia" produced by maternal hypoxia or carbon monoxide hypoxia. maternal hypotension. or umbilical cord compression primarily affected the cerebral cortex while sparing critical brainstem structures (3). These later findings are considered more applicable to human neonatal asphyxia because of the similarities observed in the distribution of neuropathologic lesions as well as in the occurrence of cerebral edema (20) .
Numerous investigators have measured cerebral blood flow in the fetus and newborn animal using a variety of techniques. including measurement of cerebral venous outflow of ""I ( I ) . electromagnetic flow probes on the carotid arteries (16. 18. 22) . ""'xenon clearance for gray and white matter blood flow ( I . 21). and radioisotope-labeled microspheres (6. 13. 17. 24).
Hypoxia has been noted to cause an increase in total blood flow to the fetal brain (16, 21) . and arterial oxygen content has been conhidcrcd a rnorc inlportnnt contributing lactor than the partla1 pressure of oxygen in affecting total cerebral blood flow ( I I). In the hypoxic acidotic infant or fetal lamb. autoregulation appears disturbed, and hypotension has been associated with decreased cerebral blood flow (14. 15) .
Regional cerebral blood flow has been studied to a limited extent during hypoxia. In acutely anestheti~ed monkeys. with the use of the ["C]antipyrine technique, a 20 to 80' ; decrease in cerebral blood flow was noted during periods of prolonged hypoxia accompanied by marked hypercarbia and acidosis (23). Recently, Lou rr ul. (15) used radioactive labeled microspheres to quantitate flow to four regions of the fetal lamb during variation of cerebral perfusion pressure by partial umbilical cord occlusion or by phlebotomy (15) . During asphyxia. flows to all regions of the brain increased 4-to 6-fold except with the added insult of hypotension. when flows to all regions decreased uniformly.
The purpose of this study was to understand further the control mechanisms of fetal regional cerebral blood flow under both normal conditions as well as during periods of hypoxic stress. The major questions which we wished to explore were: ( I ) whether differences in regional cerebral blood flow to the brainstem. subcortex, and cortex occur in the fetal lamb; ( 2 ) the extent to which these flows change during and after prolonged intrauterine hypoxia; and (3) whether preferential shunting to critical areas occurs during fetal hypoxia.
MATEKIALS A N D M E T t i O D S
The principle of our method was to study near-term pregnant sheep and their fetuses during three different periods: control. hypoxia. and recovery. We used five separate sets of radioactive labeled microspheres to measure the blood flow to 34 separate 1 105 regions of the central nervous system. In addition. we measured cardiac output and flow to other major organs before, during. and after hypoxia.
Twelve ewes of 120 to 140 days gestation and their fetuses were chronically catheterized. The ewe was anesthetized with 2 ml of 0.2% HCI tetracaine hydrochloride given intraspinally in addition to 400 mg of sodium pentobarbital IV. We placed Tygon catheters (2.3 mm outside diameter) in branches of the maternal popliteal artery and uterine vein. Through a small hysterotomy incision, we extracted a fetal hindlimb. and following the injection of local anesthesia (0.5% lidocaine), we placed catheters (1.8 mm outside diameter) into both a dorsal pedal artery and vein and advanced them into the descending aorta and inferior vena cava below the ductus venosus, respectively. Through a separate small incision we also extracted a fetal forelimb and after anesthetizing the skin placed two catheters. one from a radial artery into the brachiocephalic artery of the ascending aorta and one from the cephalic vein into the superior vena cava. In addition. we positioned an amniotic fluid catheter over the left chest wall. After closure in layers, the fetal and maternal catheters were exteriorized on the ewe's flank, and the ewe was left to recover.
Four to 6 days after surgery. we carried out the experiment>. We recorded control fetal and maternal blood pressures and heart rates. In addition, we obtained anaerobic heparinized blood samples from the fetal ascending and descending aorta. superior and inferior vena cava. maternal artery. and uterine vein; measured the 0: and CO? tensions and pH using appropriate microelectrodes (Radiometer BMS 3A; London Co., Westlake, OH), and measured the hematocrit.
T o determine fetal organ blood flows. we used microspheres 15 ( 2 I ) pm in diameter labeled with :' ;Co. "~r . ".'Sn, "~r . or ""Sc (Minnesota Mining and Manufacturing Co., St. Paul. MN). These were suspended in a solution of 10% dextran and 0.05q polyoxyethylene sorbitan monooleate (Tween 80) to minimize aggregation and provide for even distribution. Before the experiment, we placed vials containing microspheres into an ultrasonic bath for 10 to 30 min for dispersion. To measure control regional cerebral flow and distribution of organ blood flow. we iniected the microspheres over a 15-sec perioi into the inferior (%)-and superior ('/,I) vena cava. During the period of injection and for 75 sec thereafter, we withdrew blood reference samples at the rate of 4.8 ml . rnin aimultaneously from both the ascending and the descending aorta using an infusion-withdrawal pump (model 972; Harvard Apparatus Company. Inc.. Millis. MA).
After placing the ewe's head in a plastic hood, we induced hypoxia by having the ewe inspire 9 to 10% O2 and 5% C 0 2 to offset the respiratory alkalosis induced by hyperventilation at a gas flow rate of 15. liter. rnin '. We sampled blood from the fetal ascending aorta every 5 rnin until the 0: tension equaled 12 to 15 torr. This was considered our zero time reference for institution of hypoxia. At 15. 30. and 90 rnin after the onset of hypoxia. we iniected micros~heres labeled with different radionuclides. We ogtained blood :or complete blood gas determinations before each microsphere injection and restored fetal blood volume with equal amounts of maternal blood. Occasionally, we administered 3 to 5 cc of sodium bicarbonate to correct the metabolic acidosis induced by hypoxia. At the end of the 90-min hypoxic period. we removed the ewe from the hood and allowed her to breathe room air. After another 60 min. we injected the fifth set of microspheres.
The ewe and fetus were sacrificed with 30 ml of Euthanol solution (T61; National Laboratories Corp.. Summerville. NJ). The fetus was removed. towel dried, and weighed. and the major fetal organs (heart, lungs. liver, gastrointestional tract. kidneys. adrenals, and spleen) as well as the placental cotyledons and amniotic membranes were removed. weighed, ashed. and reweighed. We dissected the fetal brain into 34 discrete regions. including the following: cortical structures-the gray and white matter of the frontal. parietal. temporal. and occipital lobes; subcortical structures thalamus. hypothalamus. caudate nucleus, hippocampus. and cerebellum: brainstem structures midbrain, pons. and medulla; as well as the cervical spinal cord. These were weighed separately and placed into plastic-covered vials. The remaining brain tissue was weighed and counted for radioactivity so that total brain blood flow could be calculated. All samples were counted for radioactivity (Auto-Gamma Scintillation Spectrometer model 59 12; Packard Instrument Company. Inc.. Downera Grove. IL). Specimens from the brain weighed approximately 5 g and contained 400 to 800 microspheres. Using a digital computer, we calculated the quantity of microspheres per organ and then converted the counts to absolute blood flows expressed as m l . m i n l 100 g ' organ weight. m l . m i n l -kg fetus. relative flow. and percentage of cardiac output.
For each variable under consideration, we performed statistical calculations on the control measurements, the experimental measurements. and the paired differences between experimental and control values. We computed mean values, standard deviations. and standard errors of the means. and used the paired r test to determine the significance of changes from control.
RESULTS

C'ONTROL TOTAL A N D RkGIONAL FETAL CEREBRAL BLOOD FLOW
Total fetal cerebral blood flow equaled 155 (f 16 S.E.) ml. m i n ' . 100 g brain tissue-' (Fig. 1) . Flow was not uniform to all parts of the brain. however, and Figure I shows the hierarchy of cerebral blood flow with an increase in flow from a cephalad to a caudad direction. Thus. the mean cortical blood flow equaled 134 ( 2 15) m l -m i n ' . 100 g ' , the mean subcortical flow was 186 (+ 19) ml-min ' . 100 g ', and the mean brainstem flow was 254 ( f 2 3 ) ml-m i n 1 . 100 g-' (Fig. I ). There was a surprising consistency of similar blood flows to various structures within the major regions. except for a slight but insignificant elevation of mean cortical gray matter flow of 139 ( f 17) ml.min-I. 100 g-' as compared to a mean white matter blood flow of 120 (212) ml-min-'. 100 g-' (Fig. I ) . Figure 3 shows the slight elevation (17%) in fetal mean arterial blood pressure during hypoxia to 54 (f 2) from 46 ( f 2 ) mm Hg and an initial bradycardia (15%) to 145 ( 2 8 ) from 170 (f 9) beats. min '. The cardiac output remained relatively constant at 551 (k38) ml min '.kg fetal weight-': however, the fraction of cardiac output to the brain doubled to 9.2 ( f 0 . 6 ) from 4.2 (+O.S)%.
C'HANCiES IN REGIONAL CEREBRAL BLOOD FLOW DURING HYPOXIA
As shown in Figure 4 , after 15 rnin of hypoxia. blood flow to the brainstem increased to 541 (263) from 254 (223) ml. min ' 100 g-', flow to subcortical regions increased to 348 (233) from 186 ( f 19) ml min ' -100 g I . and flow to the cortex increased to 257 ( f 2 4 ) from 134 (f 15) ml.min-'. 100 g '. Cerebral flow remained elevated at these levels during the entire hypoxic period. Even after the ewe has been returned to room air for one hr, blood flow persisted at elevated levels (Fig. 4) . At first glance, it would appear that fetal hypoxia results in preferential shunting of flow to the brainstem and subcortical regions from the cortex (Fig. 4) . However. the percentage of increase in blood flow to the major brain regions remained relatively uniform. For instance. at 15 and 30 min. flow increased 92%) to all regions and at 90 min, it increased 102%. One hr after normal oxygen levels had been restored, but cerebral flow remained 50% above control values. Thus. there is no evidence of preferential shunting of blood flow to certain brain regions during hypoxia.
The patterns of change in flow in the discrete brain regions within the three major areas (1.e.. cortex. subcortex, and brainstem) were quite similar. For instance, in the cortex, flow changes to the frontal. parietal, temporal. and occipital areas varied only slightly. Although the gray matter tended to have higher flows than did white matter. this difference was not statistically significant. Neither were there significant differences between the blood flow to the right [I54 (*15)] and left [I56 (f 17) ml-min-I. 100 g ' ] sides of the brain or brainstem. We observed similar patterns of response in the subcortical and brainstem regions and in the cervical cord.
RELATIONS BETWEEN 0, CONTENT, pH, A N D C'EREBRAL BLOOD FLOW
Total brain blood flow increased following decreases in oxygen content (R = 0.71 1 I) (Fig. 5 ) or O2 tension (R = 0.6412). and the R values were not significantly different. Cerebral flow similarly increased following decreased pH ( R = 0.5938) (Fig. 6) .
To examine the combined effects of 02. COr and pH on total cerebral blood flow. we performed a multiple linear regression analysis. Cerebral flow was somewhat more highly correlated with the three variables PO,, P(.u,. and pH than with [OZ], P(,O,, and pH, but the difference between the two regressions was not statistically significant. In both instances, the regression coefficient of C 0 2 tension was not significantly different from .zero (possibly reflecting the degree to which P,.(,, was controlled during these experiments). C 0 2 tension was subsequently eliminated from the analysis without significant effect. The resulting empirical equation was.
Both regression coefficients were significant with < lo-;. and the overall regression was significant with P < 10 ' ' !The multiple correlation coefficient was 0.773.
DISCUSSION ('ONTROI. REGIONAL C'EREBRAL BLOOD FLOW
The control value of total cerebral flow of 155 (f 16) ml. min ' .
100 g-' found in this study agrees with results of previous investigations using the microsphere technique (6, 13. 17, 24) . Dissection of the brain into 34 specific areas allowed us to examine regional flow distribution with reasonable discrimination (Fig. I ) . Perhaps the most striking observation was the hierarchy of flows with amprogressive increa<e in flow from brainstem equaling almost twice that of the cortex. There was a surprising uniformity of -blood flows to various structures within these three major regions. Blood flow to the cortical gray matter was slightly higher than flow to the white matter [I39 (k17) versus 120 (+12) m l -m i n ' . 100 g-'1. but the difference was not statistically significant.
Our results in the fetal lamb differ considerably from those of previous studies in the newborn puppy. in which regional cerebral flow. determined by use of ['"Iantipyrine (10) demonstrated no significant regional differences. However, in longitudinal studies, significant regional flow differences did appear within the first few wk of life. This lack of difference in regional flows at birth was explained by the relative paucity of morphologic and functional maturation in the newborn pup because the majority of brain growth occurs during the first 13 wk of life postnatally.
In contrast, we observed significant differences in regional cerebral flow in the fetal lamb, a fact which may reflect morphologic and functional maturation associated with the increase in brain growth near term. Although the ratio of brain to body weight of the fetal lamb is only 2% in contrast to 10% in the human fetus (8). the patterns of intrauterine brain growth in both these species are similar and suggest that the ktal lamb may serve as a reasonably good model of cerebral blood flow (19) . Our studies in the fetal lamb, as well as previous studies in the newborn puppy, suggest that changes observed in regional flow relate to patterns of regional intrauterine brain growth, a circumstance which is probably a reflection of changes in local metabolism and neurophysiologic function, as well as the development of the cerebral microcirculation ( 10) .
CHANGES IN TOTAL CEREBRAL BLOOD FLOW DURING PROI.ON(iED INTRAUTERINE IIYPOXIA
clearance (primarily measuring gray matter blood flow) ( I 1. 2 1 ). and radioactive labeled microspheres (17) . Total brain flow doubled by 15 min after the onset of hypoxia and persisted at this level throughout the hypoxic period. The fraction of' cardiac output to the brain also doubled [to 9.2 (+-0.6) from 4.2 (+0.5)%] whereas the cardiac output remained constant. This suggests that the increase in cerebral blood flow resulted primarily from a change in cerebrovascular resistance because the mean arterial blood pressure increased only slightly. Although the arterial pH decreased to 7.24 (k0.02) at 90 min. the linear multiple regression analysis suggests that this change in pH would account for about only 10% of the observed flow changes. In contrast to these results in the fetal lamb subjected to moderate degrees of prolonged hypoxia. previous studies in the fetal monkey. lamb, and newborn puppy subjected to either prolonged partial or "total" asphyxia associated with marked hypercapnea. acidosis, and hypotension found marked decreases in total and regional cerebral blood flow, as well as significant ncuropathologic changes (3. 7. 1 1 . 1 5 ) . Thus. chan in cerebral b : flow appear to be one of the mechanisms by w h~c h the fetus withstands prolonged intrauterine hypoxia. Apparently, it is only when additional metabolic or cardiovascular adaptive mechanisms fail that cerebral blood flow decreases. an effect perhaps associated with fetal hypotension. However. pathologic studies demonstrate cerebral edema and neuronal necrosis in the presence of significant hypotension (23). This suggests that after the hypoxic insult. cerebral edema develops and could further impair recovery by affecting the microcirculation and decreasing total cerebral flow. We currently are evaluating this possibility.
Our finding that total brain blood flow increased 80 to 100%
('HANGES IN REGIONAL CEREBRAL BLOOD FLOW I)URIN<i
during the 90-min period of intrauterine hypoxia has been noted HYPOXIA by previous investigators using several techniques, including an As previously discussed. we noted a hierarchy of blood flows electromagnetic flowmeter on the carotid artery (16) . ""'xenon during the control period. with flow greatest in the brainstem. less in the subcortical regions, and least in the cortex (Fig. 1) . During ditions. This is somewhat surpris~ng when one takes into account hypoxia, flow increased significantly to all regions (Fig. 4 ), but as previous neuropathologic studies in the fetal brain subjected to noted previously, the percentage of increase to the three major "prolonged partial intrauterine asphyxia." which showed involveregions was quite similar at 15. 30. and 90 min. as well as 60 min ment of the cortex and subcortex (3) with sparing of the brainstem. after recovery. Thus, no preferential shunting of cerebral flow to This suggests that during hypoxia, blood flow within the brain critical brainstem or subcortical structures occurred during hymight be redistributed. but this was not observed in our studies. poxia. despite the greater flow to these areas under control conAn additional aspect of regional flow distribution during hy- poxia concerns fetal brain growth and energy metabolism. Prsvious studies in several species have shown that the brainstem and cerebellum are the areas of greatest brain growth during the fetal and neonatal period (2) . Measurements of DNA. RNA. protein, lipid. and carbohydrate metabolism suggest that the energy requirements for these metabolically active regions are greater than for other brain areas. and these regions would be the most susceptible to an insult such as hypoxia (5) . Yet this does not appear to occur. In adult cats subjected to both ischemic and hypoxic insults, changes in energy metabolism measured by NADH fluorescence dcmonstrated no correlation between metabolically active regions ( e .~. . gray matter) and the resulting metabolic changes associated with the ischemic result (27) . Likewise. during hypoxia in the newborn animal. cerebral energy requirementh have been shown to be lower than in adult animals, and this may be another factor accounting for the ability of the fetus to tolerate longer period5 of hypoxia (25) . The importance of aerobic glucose metabolism has already been demonstrated in the fetal lamb brain (9) . but at the present time. no in vivo studies have examined whether regional metabolic differences occur and whether the brainstem responds differently to a metabolic insult or has potential alternative adaptive mechanisms.
('EREBRAL BLOOD F L O W A F T E R HYPOXIA
Cerebral flow determined following a 60-min recovery period when fetal heart rate. blood pressure. and blood gas values were normal remained about 50% above control values. This phenomenon was unexpected. Many metabolic disturbances have been r e p o r t e d i n a s s o c i a t i o n w i t h h y p o x i a , i n c l u d i n g c h a n g e s i n ATP.
phosphocreatine. lactate, pyruvate. cyclic adenosine 3':s'-monophosphate, and extracellular potassium concentrations (12. 25) . The persistence of elevated cerebral blood flow is probably related to some metabolic perturbation which affects the extra and intracellular compartments. causing cerebrovascular dilatation and decreased vascular resistance. There was no significant change in blood pressure or cardiac output in these experiments to indicate any other form of compensatory cardiovascular adjustment. affecting cerebral flow ( I I). in this study the correlation coefficient obtained when O2 tension was compared to cerebral flow ( R = 0.6412) was not significantly different from that for O2 content (R = 0.71 11).
Acidosis also is associated with increased cerebral flow (R = 0.5938). This is known to be an important factor in controlling cerebral flow in adult as well as in newborn goats subjected to post hypoxic, lactic acid. or respiratory acidosis (4) . A correlation between cerebral flow during hypoxia and acidosis in fetal lambs also has been observed in previous investigations (4) . but this point is disputed ( 1 19) In summary. many previous investigations of the response of the fetus to hypoxic stress have shown dramatic and self-protective cardiovascular, metabolic. and neuroendocrine adaptive responses. Our studies of fetal cerebral blood flow during prolonged hypoxia have noted the following: ( I ) significant differences in fetal regional cerebral blood flow occur in urero. Brainstem and subcortical flows are substantially greater than flows in other regions of the brain (2) during prolonged intrauterine hypoxia. total and regional cerebral flow increases between 80 and 120% and is maintained at these levels during the hypoxic period; (3) one hr after fetal oxygenation is restored, cerebral flow remains elevated 50% above control values; (4) no significant preferential shunting of regional cerebral blood flow occurs during prolonged hypoxia in urero.
